Abstract WEDM process is usually used in manufacturing industries to machine electrically conductive materials with complex shapes and varying degree of hardness. This study mainly involves the development of empirical models for wire wear ratio and material removal rate, in terms of six prominent input parameters using response surface methodology. The objective of developing the model is to establish the quantitative relationship between the output and the input control parameters. The effect of significant terms on machined work surface and wear out wire surface topography was analyzed through energy dispersive X-ray analysis and scanning electron microscope techniques. The wire and machined surface topography was deteriorated and appeared in the form of craters, spherical particles, globules of debris and micro-cracks.
Introduction
Wire electric discharge machining (WEDM) employs an electrode in the form of a wire which is moving on the spool, feeds through the workpiece as shown in Figure 1 . The wire electrode is made of different materials (Cu, Brass, Zn coated, diffusion annealed, etc.) of diameter varying from 0.05 to 0.35 mm. The gap between the wire and the work piece is flooded with de-ionized water, which acts as a dielectric. There is no direct contact between the wire and the work piece. The gap between the wire and the workpiece varies from 0.025 to 0.050 mm and is continuously maintained by a CNC positioning system. The metal removal occurred due to a series of electrical discharges in the form of pulses. 1 The wire is kept perpendicular to the workpiece by tensioning device. A varying degree of taper set from 15 for a 100 mm thick to 30 for a 400 mm thick material can be obtained on the cut surface using micro processor control. 2 The objective of removing a defined quantity of metal from the work piece with every single spark demands controlled energy flux. One of the advanced features included is the anti-electrolysis circuitry that prevents the risk of electrolysis while cutting work pieces that are in the machine for extended periods. De-ionized water serves as the dielectric in a WEDM.
The role of dielectric in serving as a medium for discharge is important. It serves a dual role both as an insulator and a conductor. Prior to the discharge, deionized water acts as an insulator, allowing the electrical potential between the wire and work piece to be built to certain intensity without bleeding it off through the fluid. 3 Dielectric also performs additional functions such as solidifying and flushing away the debris as well as keeping the wire and work piece cool. The role of discharge channel is crucial in assuring that each discharge cycle is same, else, difference in cutting speed, surface roughness and width of slot may be observed. Thus, maintaining a specific condition of the de-ionized water dielectric is essential to obtain consistent results from WEDM. 3 Dielectric gets contaminated by the debris removed which consists of the metal removed from the work piece as well as worn out metal from wire. Moreover, significant contamination is produced by the metal salts which are produced during the discharge and gets dissolved into the water. Positioning system is necessary for the WEDM machine to follow a programmed path in order to create a specific part. Moving of table along X and Y axes in steps of 0.5c¸m, by means of servo motor. In WEDM, the traveling wire is continuously fed from spool to the work piece and goes finally to the waste-wire box. A lot of forces act on the wire due to the pressure of gas bubbles formed by the plasma of the erosion mechanism, the hydraulic forces induced by the flushing, the electro-static forces acting on the wire and the electro-dynamic forces inherent to the spark generation. 4, 5 A literature review indicates that most of research involve the adaptive control of wire breakage, wire lag and wire vibration. Kinoshita et al. 5 described the various types of wire breaking. To avoid the wire breaking, they developed a control system by means of monitoring the pulse frequency. Rajurkar and Wang 6 developed the thermal model to analyze the wire rupture (breakage) phenomena. The wire rupture was observed due to excessive thermal load, short circuiting and wire vibration. Tosun et al. 7 investigated the effect of machining parameters on wire wear, metal removal rate and surface roughness in WEDM of die steel with brass wire using regression analysis technique. They observed that, the wire wear ratio (WWR) was increased with an increase in pulse duration and open circuit voltage. Puri and Bhattacharya 8 investigated the variation of the geometrical inaccuracy due to high cutting speed and wire lag on die steel. They observed that, the minimum geometrical inaccuracy can be obtained by considering the difference between the offset values for the rough cut and trim cut should be as high as possible. Sanchez et al. 9 investigated the effect of workpiece thickness, corner radius and number of trim cuts on the accuracy of corner cutting. It was observed that wire lag is responsible for the back-wheel effect in corner cutting and deviation. Williams and Rajurkar, 10 Scott et al., 11 Tarng et al., 12 Spedding and Wang, 13 Huang et al. 16 and Rozenek et al. 15 have investigated the metal removal rate in WEDM process. Hseigh et al. 24 investigated the WEDM characteristics of Ti-Ni-X ternary shape memory alloys. The experimental results showed that the maximum feed rate without wire breakage of wire electrode for Ti 35.5 Ni 49 . 5 Zr 15 and Ti 50 Ni 49.5 Cr 0.5 alloys in WEDM process exhibited a reverse relationship with melting temperature and thermal conductivity. Hewidy et al. 17 developed a mathematical model based upon response surface methodology (RSM) for correlating the inter relationship of various parameters such as peak current, duty factor, wire tension and water pressure on the metal removal rate, WWR and surface roughness in machining of Inconel-601 material. Results showed that the volumetric metal removal rate generally increased with the increase of the peak current and water pressure. Yan et al. 18 adopted WEDM for the machining of Al 2 O 3 p/ 6061Al composites. In the experimentation, machining parameter of pulse-on time was changed to explore its effect on machining performance, including the cutting speed, the width of cutting slit and surface roughness. The process experienced frequent wire breakage during the machining of Al 2 O 3 p/6061Al composite, so the location and reason of wire breakage was also investigated. Rao 19 proposed a novel hybrid multi-response optimization approach to derive the optimal machining conditions for machining MMCs under WEDM process. This hybrid approach integrates the concepts of Grey relation analysis (GRA), Principal component analysis (PCA) and Taguchi method (TM) to deal with the problem of simultaneous optimization of five correlated WEDM performance measure such as metal removal rate, surface roughness, kerf width, wire wear rate, and white later thickness while machiningAl7075/SiCp MMCs. In Ghodsiyeh et al. 20 , the performance of four major control parameters includes pulse on time (Ton), pulse off time (Toff), peak current (IP), and servo voltage based on design of experiment method during WEDM of titanium alloy (Ti6Al4 V) experimentally tested. A zinccoated brass wire was used as a tool electrode to cut the specimen. Analysis of variance (ANOVA) technique was used to find out the parameters affecting the surface roughness, sparking gap, wire lag, WWR and white layer thickness. This work has been established as a second-order mathematical model based on the RSM. The residual analysis and confirmation runs indicate that the proposed model could adequately describe the performance of the factors those are being investigated.
Numerous studies were carried out in the literature review to improve the machining performance of WEDM. Still, most of them are restricted to the machining performances of surface roughness, metal removal rate, kerf width and dimensional deviation by using alloy steels and aluminium composites. There are very few works that analyze the WWR and material removal rate (MRR) by using pure titanium. The novelty of this study involves the development of empirical model for WWR, MRR in terms of six well-known input parameters using RSM. The objective in developing the model is to establish the quantitative relationship between the WWR and the input control parameters. The effect of significant terms on WWR was analyzed. Further, the wire and machined surface topography was analyzed through energy dispersive X-ray (EDX) analysis and scanning electron microscope (SEM) techniques.
Phases in WEDM process
The WEDM process is described in different phases which are shown in Figure 2 :
The spark is initiated by power supply, which generates volts and amperes. The voltage and amperage control the spark between the wire electrode and the workpiece. The de-ionized water surrounds the wire electrode and the workpiece. Phase 2: During pulse-on cycle time, the dielectric fluid acts as a resistor until enough voltage is applied. The fluid ionizes and the spark occurs between the wire electrode and the workpiece. The controlled spark erodes, precisely melts and vaporizes the workpiece material. Phase 3: The sparking process is completed during the pulse-off cycle time. The pressurized dielectric fluid immediately cools the material and the eroded particles are flushed out. Phase 4: The pressurized dielectric fluid flushes the debris/chips away and quenches the surface of the workpiece. The debris is collected by the filtration system of WEDM.
Experimental details
The experiments were performed on a 4-axis CNC type WEDM (Electronica India Sprintcut, 734 model). The experimental set-up and their arrangements are shown in Figure 3 . The chemical composition of pure titanium was: Carbon: 0.10%, Nitrogen: 0.03%, Oxygen: 0.25%, Hydrogen: 0.015%, Iron: 0.30% and Titanium: 99.03%. The machined samples were etched with Krolls reagent (2 mL hydrofluoric acid, 10 mL nitric acid and 88 mL distilled water). Then the samples were also cleaned with acetone (CH 3 ) 2 CO. The micrograph of original work material (pure titanium) without WEDM is shown in Figure 4 . The machined sample and wire surface topography were analyzed through SEM (Make: JEOL, Tokyo, Japan Model: JSM-6610LV) which was integrated with an energydispersive X-ray spectrometer and the wire surface topography was also analyzed through inverted metallurgical microscope (Make: Vaiseshika Electronics, Ambala, India Model: 7001IMS). Parameters and their levels of experimental design are shown in Table 1 . The parameters and their levels of the present study were selected on the basis of pilot investigation. 21 The main experiments were performed using RSM based Box-Behnken design including six machine parameters as shown in Table 1 . In the present study, an attempt has been made to develop empirical models using statistical regression analysis. According to experimental Box Behnken design plan as shown in Table 2 , the parameters were varied to explore their effect on WWR, MRR The precision balance with 0.001 g accuracy was used for the weight measurements. The initial wire was weighted as 6.293 g for its 25 m length. At the each end of experiment, the 25 m length of used wire is weighted, and the loss of the weight was calculated. The loss of wire weight is due to the erosion and crater formed on the surface of wire.
Results and discussion

Development of empirical model
In the present study, a mathematical relationship between the input parameters and WWR was developed using RSM. RSM is a combination of mathematical and statistical techniques used in empirical study of relationships and optimization where several independent variables or factors influence a dependent variable or response. The need in developing the mathematical relationship was to correlate the WWR to the significant parameters. Design Expert 6.0, statistical analysis software, was used to compute the regression coefficients of the proposed model. Because of the lower predictability of the first-order model for the present problem, the second-order models were postulated. [22] [23] [24] [25] If all variables are assumed to be measurable, the response surface can be expressed as follows
where Y is the desired response and f is the response function (or response surface). The quadratic model of Y is written as follows
where Y ¼ desired response; xi, xj, . . . , xk are the input variables, i.e. T on , T off , I p , SV, WF, WT; b 0 ¼ intercept term; b i ¼ coefficients of linear terms; bii ¼ quadratic terms; bij ¼ interaction terms.
ANOVA and empirical model for WWR
Based on Tables 3 and 4 , it is noted that factors T on , T off , I P , SV and an interaction (T on Â SV) were found to be the significant terms for WWR. These data (continued) reveal that the residuals generally fall on a straight line implying that the errors are distributed normally.
It was observed that all the experimental results were approximately very close to the predicted values as shown in Figure 5 (a) and (b). It also indicates that the predicted values have slight variation around the central line; however, except two data points, the plot could justify the ability of the model to predict the respponse with reasonable accuracy. The model F-value 30.30 implies that model is significant.
There is only a 0.01% chance that a ''Model F-Value'' this large could occur due to noise. The ''Lack of fit F-value'' of 0.50 implies that lack of fit is not significant relative to the pure error. The ''Pred R-Squared'' of 0.7755 is in reasonable agreement with the ''Adj R-Squared'' of 0.8156. ''Adeq Precision'' measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio 21.504 indicates an adequate signal and it suggests that quadratic model can be used to navigate in the design space. The 
Based on the results of ANOVA test, it could be observed that factor T off is most significant, followed by peak current (I P ). Together, these two factors contribute more than 57% towards the variation in WWR data. Two of the higher order terms (A 2 , F 2 ) are also significant.
ANOVA and empirical model for MRR
MRR determines economics of machining and rate of production. It is calculated using the following where D ¼ desired size of work piece ¼ 10 mm, A ¼ actual size of the work piece obtained after cutting, which is measured using Mitutoya digital Vernier calliper with a least count of one micron. It is measured at two random places on sides AB, BC and CD and average of these six values represent actual size of work piece (A). Quadratic model for MRR is proposed by the Design expert 6.0 Õ software. Adequacy of the model was checked using ANOVA at 95% confidence level and presented in Tables 5 and 6 . It indicates that F-value of the model is 97.91 and coresponding p-value is less than 0.0001. Thus, thequadratic model is significant at 95% confidence level. The p value of lack of fit is greater than 0.05. Thus, lack of fit is insignificant. Further, lack of fit value of 0.475 implies that it is not significant relative to pure error. Moreover, an R 2 value of 0.9457 shows that 94.57% of the variation of MRR is attributed to control factors. This confirms that accuracy and general ability of polynomial model is good.
Further, predicted R 2 of 0.9228 is in reasonable agreement with adjusted R 2 of 0.9360 and it indicates a high correlation between observed values and predicted values. Figure 6 shows normal probability plot of residuals for MRR. It clearly shows that errors are normally distributed as most of the residuals are clustered around the straight line. The plot of observed versus predicted values indicated that observed response are closer to the predicted values and model can define actual relationship between process parameters and output. Adequate precision value is 40.903, and it suggests that quadratic model can be used to navigate in the design space. It was observed from the F and P values that the factors A (T on ) and B (T off ) are most significant for MRR. This can also be observed from the values of percent contribution obtained for each source, which quantifies the contribution of a parameter towards the variation in response (MRR) Almost 74% of the total variation in the response data could be contributed to factors A (T on ) and B (T off ). In this case, A, B, C, D, BC, BD, B 2 and C 2 are significant model terms.
Effect of process parameters on wire WWR
From the main effect plots as shown in Figure 7 , it was observed that if pulse on time was increased from 0.7 to 1.1 ms, the value of WWR increased significantly. The increment of WWR was observed as 0.075 to 0.087. Due to the increase in pulse-on time, the discharge energy increases. Higher discharge energy causes an influential explosion and results in high WWR as well as higher rates of metal removal from the work piece. To obtain low WWR, either low or moderate values of pulse-on time should be used. Meanwhile, a reverse result was observed when spark gap voltage was increased from 40 to 60 V; the wear ratio was decreased from 0.082 to 0.074. Further, during the increment of peak current from 120 to 200 A there is a corresponding increase in WWR from 0.07 to 0.0865 which is due to the intense thermal effect on the wire electrode, which causes severe wear of the wire surface. On the other hand, WWR increases more rapidly while decreasing the pulse off time 38 ms to 17 ms. The increment of WWR was observed as 0.0672 to 0.0892. WWR increases with the decrease in pulse-off time. 26 This happens as the discharge current increases and more amounts of material is removed which result in high WWR. It is desirable to use low values of pulse-off time. In this case, there was only one interaction involved in affecting the WWR as observed in Figure 8 . It can be observed from the interaction that the effect of pulseon time and spark gap voltage on WWR shows high WWR that can be achieved at lower values of pulse-on time and spark gap voltage. From the above analysis, it can be observed that the parameters, namely pulse-on time, pulse-off time, peak current and spark gap voltage are the most significant parameters whereas the other parameters, dielectric flow rate and wire tension, are not significant on WWR.
Effect of process parameters on MRR
The individual (main) effect plots and interaction plots were considered only for those factors that were found significant from ANOVA test (Table 6) . Main effect plots of T on , T off , Ip, SV on MRR are shown in Figure 9 , respectively. The interaction effect between T off Â Ip, T off Â SV on MRR was shown in Figure 10 . It was observed that higher MRR could be obtained at increased values of pulse on time, peak current. On the other hand, a reduction in pulse off time and spark gap voltage is found to improve the MRR. It was observed from 3 /min, with the increase in peak current from 120 to 200 A and simultaneous decrease of pulse off time from 38 to 17 ms. Due to the increase in peak current and decrease of pulse off time, the rate of discharge energy increases, together with an improvement in the discharge frequency. The concentration of discharge energy in the spark gap leads to melting and vaporization of molten metal and floating metal suspended in the electrical discharge which leads to increase of MRR. Further, it is also observed from Figure 10 (b) that MRR increased significantly from 6.81 to 8.93 mm 3 /min, with the decrease of pulse off time and spark gap voltage. This may be attributed to the reduced gap between the work and wire electrode during the spark, when the spark gap voltage is set at a lower value. The reduced gap results in higher sparking frequency, and thus the machining speed is improved. The present study revealed that higher MRR can be achieved at the lower spark gap voltage and pulse off time coupled with higher peak current. An increase in discharge energy causes a pool of molten metal to be formed and overheated. The overheated molten metal evaporates, forming gas bubbles that explode when the discharge ceases, taking molten metal material away. The result is the formation of a crater. It has been observed that increasing the pulse on time and peak current results in the formation of deeper and wider craters, thus improving the MRR. Based on the experimental results (as shown in Table 2 ), maximum MRR (11.16 mm 3 /min) was obtained when the parameters were set at pulse on time ¼ 1.1 ms, pulse off time ¼ 17 ms, peak current ¼ 160 A, spark gap voltage ¼ 40 V, wire feed ¼ 7 m/min and wire tension ¼ 950 g. From the previous studies that some of the molten material was not flushed away from the gap by dielectric fluid and remained in the electrical discharge. This material re-solidifies on the surface of machined samples that is known as recast layer. The thickness of recast layer of WEDM surface was increased due to increase of peak current, pulse on time and decrease of pulse off time as shown in Figure 11 . 27 Analysis of wear out wire and machined surface topography
The different erosion craters and residuals of debris observed to the surface of wear out electrode were shown in Figures 12(b) to (h) and 13. The energy dispersive X-ray was used to identify the migrated elements on wire surface. The energy dispersive X-ray analysis reveals that some amount of work material elements (carbon, oxygen and titanium) deposited on wire electrode are shown in Figure 12 (i). This may be due to the sparking, melting and vaporization in WEDM process. Due to increase of peak current and low pulse off time that leads to generation of higher discharge energy in the spark gap. Hence, it may result in an increase of wear of wire electrode surface. The experimental results show the contributions of significant parameters are shown in Figure 14 . SEM micrographs revealed that the surfaces have complex appearance of shallow craters, spherical particles, debris and micro-cracks which is due to the high pulse on time, peak current and subsequently quenching as observed in Figure 15 . The spherical particles were also expelled randomly during the high peak current and then further re-solidified on machined surface as observed in Figure 17 . The thickness of recast layer of WEDM surface was increased due to increase of peak current, pulse on time and decrease of pulse off time as observed in Figure 17 . The penetrating micro-cracks was also significant due to high pulse on time (1.1 ms), low pulse off time (17 ms) and high peak current (200 A) as shown in Figure 18 .
Confirmatory experiments
Confirmatory experiments were carried out at the optimized value of response characteristic to check the validity of optimization results. The error between the predicted value (0.097) and the experimental value (0.098) observations lies within AE5%. Thus, confirmatory experiments confirm excellent reproducibility of the results.
Conclusions
1. Based on the results of ANOVA test, it was observed that factor pulse off time is most significant, followed by peak current (I P ). Together, these two factors contribute more than 57% towards the variation in WWR data. 2. Pulse on time, peak current and pulse off time were found to be the most significant factors affecting MRR. The wire feed and wire tension was found to be insignificant. 3. MRR was found to be increased approximately 53.45% when pulse on time was increased from 0.7 to 1.1 ms. Meanwhile, when pulse off time was decreased from 38 to 17 ms, the increment of MRR is obtained 33.41%. When the peak current was increased from 120 to 200 A a marginal increment of MRR was seen (23.38%). 4. The energy dispersive X-ray analysis reveals the percentage of migrated work material elements which were deposited on wire electrode surface. The percentage of migrated elements are C ¼ 53.33%, Ti ¼ 15.68%, O 2 ¼ 23.64%, Cu ¼ 7.16. 5. The optimum setting of the parameters can be adjusted in order to minimize the WWR, which is identified as; pulse on time at 0.7 ms, pulse off time at 38 ms, peak current at 120 A and spark gap voltage at 60 V. 6. Surface topography of machined surface was deteriorated due to high pulse on time, low pulse off time and high peak. Recast layer was appeared as non-uniform and have wave like pattern due to high peak current and low pulse off time. Penetrating micro-cracks was observed due to rapid cooling and heating in the spark zone. The solidified material was observed as amorphous either in free form or in compound form due to melting and vaporization.
